Previous investigations revealed low activities of lactate dehydrogenase (LDH) and plasma membrane monocarboxylate transporters (MCT) in the pancreatic β cell. In this study the significance of these characteristics was explored by overexpressing type A LDH (LDH-A) and/or type 1 MCT (MCT-1) in the clonal INS-1 β cells and isolated rat islets. Inducible overexpression of LDH-A resulted in an 87-fold increase in LDH activity in INS-1 cells. Adenovirus-mediated overexpression of MCT-1 increased lactate transport activity 3.7-fold in INS-1 cells. Although overexpression of LDH-A, and/or MCT-1 did not affect glucose-stimulated insulin secretion, LDH-A overexpression resulted in stimulation of insulin secretion even at a low lactate concentration with a concomitant increase in its oxidation in INS-1 cells regardless of MCT-1 co-overexpression. Adenovirus-mediated overexpression of MCT-1 caused an increase in pyruvate oxidation and conferred pyruvate-stimulated insulin release to isolated rat islets. Although lactate did not stimulate insulin secretion from control or MCT-1-overexpressing islets, co-overexpression of LDH-A and MCT-1 evoked lactatestimulated insulin secretion with a concomitant increase in lactate oxidation in rat islets. These results suggest that low expression of MCT and LDH is requisite to the specificity of glucose in insulin secretion, protecting the organism from undesired hypoglycemic actions of pyruvate and lactate during exercise and other catabolic states.
Introduction
Glucose homeostasis is precisely controlled in mammals. Its deterioration leads to diabetes mellitus, one of the most common diseases in the industrialized countries. Three major mechanisms contribute to maintain the glucose homeostasis: fine-tuning of insulin secretion by glucose from the pancreatic β cell, insulinmediated glucose disposal into muscle and adipose tissue, and insulin-mediated suppression of glucose production from the liver (1). Insulin acts on its target cells by binding to specific receptors, which initiates an intracellular signaling cascade (2) . On the other hand, the recognition of nutrients as stimuli by β cells is accomplished through metabolism-secretion coupling (3) . This unusual mode of recognition of stimuli is dependent on the unique expression profiles of membrane transporters and metabolic enzymes. For example, the predominant isoform of hexokinase in β cells is glucokinase (hexokinase IV), whereas other cell types in general, except for hepatocytes, express hexokinase I or hexokinase II. In the β cell, where glucokinase is the flux-determining enzyme for glycolysis, glucose metabolism and insulin secretion are proportional to changes in the blood-glucose concentration (4) . High expression levels of the mitochondrial enzymes, pyruvate carboxylase (5, 6) , and FAD-linked glycerol phosphate dehydrogenase (mGPDH) (7, 8) , are also prominent features of β-cell gene expression.
Mitochondrial ATP generation plays a key role in the coupling of glucose metabolism to insulin secretion (3, 4) . Glucose is metabolized to pyruvate by the glycolytic pathway. Pyruvate supplies carbons to the tricarboxylic acid (TCA) cycle, generating reducing equivalents. This leads to stimulation of the respiratory chain and ATP synthesis. Glucose also promotes transfer of electrons from cytosolic NADH to the respiratory chain through the glycerol phosphate and the malate-aspartate shuttles. The importance of these shuttles has recently been substantiated in islets from mGPDH-deficient mice treated with aminooxyacetate (AOA), an inhibitor of the malate-aspartate shuttle (9) . Islets are comprised of 65 to 70% β cells (10) . In islet non-β cells (mainly glucagon-producing α cells), the activity of lactate dehydrogenase (LDH) is several fold higher than in β cells (6, 8) . This may determine the fate of glucose-derived pyruvate and would explain why only as little as 15% of glucose carbons are oxidized in the mitochondria in islet non-β cells compared with about 90% in β cells (6) .
In studies using whole rat or mouse islets, it has been observed that pyruvate cannot mimic the effect of glucose on insulin secretion, despite active metabolism (11) (12) (13) . This has been referred to as the "pyruvate paradox." Similar observations have been made for lactate (14, 15) . Both pyruvate and lactate enter cells through the plasma membrane monocarboxylate transporter (MCT) (16) . Recently, several MCTs have been cloned and characterized, and a family of at least 8 related cDNA sequences has been identified (17) . They are abundantly expressed in several organs, such as skeletal muscle and brain, in which large quantities of lactate and pyruvate are released or taken up. The reported oxidation of pyruvate and lactate in whole islets may occur mainly in non-β cells, because these cells exhibit higher monocarboxylate transport activity than β cells (8) . We postulate that pyruvate and lactate are not able to stimulate insulin secretion because of low expression of MCT and LDH in β cells.
The present study was designed to elucidate the pyruvate paradox, i.e., the failure of pyruvate and lactate to stimulate insulin secretion. To this end, we have explored the significance of low LDH and MCT activities in the β cell by overexpressing MCT-1 and LDH-A in rat insulinoma INS-1 cells and primary rat islets using both an inducible expression system and an adenoviral vector technique. Such gene manipulations affected neither glucose metabolism nor glucose-stimulated insulin secretion. Remarkably, increased MCT and LDH activities resulted in pyruvate-and lactatestimulated insulin secretion in isolated rat islets.
Methods

Generation of INS-1 cells overexpressing rabbit LDH-A under the control of reverse tetracycline transactivator.
The INS-r7 cell line (18) , which carries the reverse tetra-cycline/doxycycline-dependent transactivator, was secondarily transfected with a plasmid harboring rabbit type A LDH (LDH-A) cDNA (a generous gift from Y. Briand; ref. 19) . Six out of 40 hygromycin-resistant clones showed more than 30-fold overexpression of the LDH activity with maximal induction. Clone number 31, which exhibited highest LDH activity after the induction, was used for the present study and is termed as INS(LDH) cells. Another clone, number 29, has also shown similar results. INS(LDH) cells were cultured in RPMI-1640, as seen previously (20) . Doxycycline (500 ng/mL) induction was started 36 hours before the experiments.
Isolation of rat islets. Islets were prepared from male Wister rats (250-350 g) by collagenase digestion and handpicking. After 3-5-hour culture in RPMI, islets were infected with recombinant adenoviruses and further cultured for 24 hours.
Generation and cultured in the absence or presence of doxycycline (DOX; 500 ng/mL). Cellular homogenates (100 µg) were dissolved in 11% SDS-PAGE, transferred to nitrocellulose, and immunoblotted with antibody against purified rat liver LDH. (b) LDH activity was determined in cell homogenates using pyruvate as a substrate. Data show the mean ± SEM of 3 independent experiments. **Difference from control cells (noninduced and infected with AdCAlacZ) at P < 0.01. dissolved in SDS sample buffer after insulin secretion studies. Proteins were subjected to SDS-PAGE and were transferred to nitrocellulose membranes. Membranes were probed with chicken anti-rat MCT-1 antibody raised against the carboxy-terminal peptide Measurement of LDH activity. Cells or islets were homogenized in 20 mM Tris (pH 7.4), 5 mM EDTA, 120 mM KCl, and 2 mM DTT. After centrifugation at 12,000 g for 10 minutes, supernatants (approximately 10 µg protein) were incubated in a solution containing 80 mM Tris (pH 7.4), 5 mM EDTA, 2 mM pyruvate, and 20 µM NADH. The reduction of NADH fluorescence (excitation: 340 nm; emission: 460 nm) was monitored using an LS-50B fluorometer (PerkinElmer, Beaconsfield, United Kingdom).
Measurement of lactate transport. INS(LDH) cells were harvested and cultured in a spinner culture flask for 2 hours. Cells (2 × 10 6 ) were suspended in a buffer (140 mM NaCl, 3.6 mM KCl, 0.5 mM NaH 2 PO 4 , 0.5 mM MgSO 4 , 1.5 mM CaCl 2 , 10 mM Hepes [pH 7.4]) and loaded for 30 minutes with 5 µM of the acetoxy methyl ester of the pH-sensitive fluorescent dye 2′,7′-bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF). Cells were placed in a cuvette in an LS-50B fluorometer, and BCECF fluorescence was measured at 530 nm (excitation at 500 nm) at room temperature (24-27°C). When needed, α-cyano-4-hydroxycinnamate (CHC) was added before starting the traces. Sodium salts of lactate, pyruvate, and acetate were used throughout the experiments. The fluorescence was calibrated to the pH value for each determination by adding HCl after permeabilization with 0.1% Triton X-100.
Measurement of insulin secretion. INS(LDH) cells (0.2 × 10 6 cells/well of 24-well plates) or islets (10 islets/tube) were incubated over a period of 60 minutes in KrebsRinger-bicarbonate-HEPES buffer (KRBH; 140 mM NaCl, 3.6 mM KCl, 0.5 mM NaH 2 PO 4 , 0. an overnight incubation at room temperature, 14 CO 2 production was counted in a LS6500 liquid scintillation counter (Beckman Instruments Inc., Palo Alto, California, USA).
Statistical analyses. Data are presented as mean ± SEM. Differences between groups are assessed by Student's t test for unpaired data. (8) . In good agreement with the results of immunoblot analysis, nearly a 100-fold increase in LDH activity was found in doxycyclinetreated cells (Figure 1b) . LDH-A overexpression was not affected by MCT-1 co-overexpression (Figures 1a and  1b ). Immunocytochemical and cell fractionation analyses have shown that overexpressed LDH-A was almost exclusively localized in the cytosol (data not shown).
Results
Overexpression of LDH-
To overexpress MCT-1 simultaneously with LDH-A, a recombinant adenovirus, AdCAMCT-1, was con- ; n = 4, P < 0.01). This demonstrates that increased rate of pH reduction in MCT-1-overexpressing cells is indeed due to overexpression of functional MCT-1. Initial pH decrease rates in response to 20 mM lactate were calculated to estimate the lactate transport activity (Figure 2d) . It was found that cells infected with AdCAM-CT-1 have a 3.7-fold greater lactate transport activity than cells infected with the control virus. The increase in the lactate transport activity was independent of LDH co-overexpression and was also evident at 2 mM lactate (data not shown). Pyruvate (10 mM) transport activity was also increased after MCT-1 overexpression (2.1 ± 0.4 vs. 4.4 ± 0.9 pH unit × 10 -3 /sec in control and MCT-1-overexpressing INS(LDH) cells; n = 4, P < 0.05).
Effects of LDH-A and/or MCT-1 overexpression on insulin secretion from INS(LDH) cells.
Insulin secretion in response to several secretagogues was assayed in cells treated with doxycycline and/or AdCAMCT-1 ( Figure  3) . In all 4 types of cell preparations, the stimulatory glucose concentration (15 mM) induced more than 3-fold increases in insulin secretion, and there were no differences among the 4 cell preparations. Pyruvate is a potent stimulus for insulin secretion in INS-1 cells (8) . Overexpression of MCT-1 and/or LDH-A, however, did not affect insulin secretion evoked by pyruvate (2 mM). In noninduced INS(LDH) cells, 2 mM lactate did not elicit insulin secretion. Remarkably, this concentration of lactate was able to stimulate insulin secretion (2-fold) after the overexpression of LDH-A in INS-1 cells. In contrast, 20 mM lactate stimulated insulin secretion both in control and LDH-A overexpressing INS-1 cells. These effects were not altered by co-overexpression of MCT-1 (Figure 3 ). At 10 mM lactate, the incremental insulin secretion over the basal level was 0.32 ± 0.07 ng/h per micrograms DNA in control cells (n = 3, NS), which rose to 1.11 ± 0.13 after overexpression of LDH-A (n = 3, P < 0.05).
To gain insight into the mechanism underlying lactate-evoked insulin secretion in INS-1 cells, the metabolic consequences of LDH-A and/or MCT-1 overexpression in INS(LDH) cells were studied. The rate of [U-14 C]glucose (15 mM) oxidation was not altered by overexpression of LDH-A and/or MCT-1 (Figure 4a) . Importantly, the [U-14 C]lactate (2 mM) oxidation rate was doubled in LDH-A overexpressing cells, regardless of MCT-1 co-overexpression, compared with that in control cells (Figure 4b ). This emphasizes the good correlation between mitochondrial substrate oxidation and insulin secretion. The results obtained with AOA, an inhibitor of the malate-aspartate shuttle, suggest the importance of this shuttle for the reoxidation of cytosolic NADH (Figure 4c) . Thus, lactate-stimulated insulin secretion, which is associated with NADH production in the cytosol, was abolished by 0.25 mM AOA in INS(LDH) cells. Insulin release by pyruvate, not generating cytosolic NADH, was unaffected by AOA. Glucose-induced insulin secretion, on the other hand, was blocked by AOA (Figure 4c) .
Engineering of pyruvate-stimulated insulin secretion in rat pancreatic islets. INS-1 cells deviate from native β cells in that pyruvate stimulates insulin secretion in the former but not latter cells. We hypothesize that this difference is due to low transport capacity for pyruvate in native β cells. The fact that a membrane-permeable analogue of pyruvate, methylpyruvate, is a potent secretagogue in isolated islets supports this idea (12, 13, 26) . To test this hypothesis, we infected isolated rat islets with AdCAMCT-1 to increase the monocarboxylate transport activity in the β cell.
MCT-1 protein was not detected in islets infected with AdCAlacZ, whereas islets infected with AdCAM-CT-1 exhibited significant levels of expression of MCT-1 after 24-hour culture (Figure 5a ). The insulin secretory response was then examined in these islets ( Figure  5b ). Insulin secretion in response to 15 mM glucose was not different between control islets and islets overexpressing MCT-1. Pyruvate (10 mM) failed to stimulate insulin secretion significantly in islets infected with AdCAlacZ. After infection with AdCAMCT-1, pyruvate caused 3-fold greater insulin secretory response compared to that at the basal glucose ( Figure  5b ). To examine whether the enhanced pyruvate-stimulated insulin secretion was due to an increase in the pyruvate metabolism in islets, the rate of [1-14 C]pyruvate oxidation was measured. Pyruvate oxidation was increased by 2-fold in islets overexpressing MCT-1 compared with control islets (Figure 5c ). On the other hand, overexpression of MCT-1 did not affect the rate of [U-14 C]glucose oxidation.
Engineering of lactate-stimulated insulin secretion in rat pancreatic islets. Although rat islets became responsive to pyruvate after overexpression of MCT-1, lactate did not elicit insulin secretion from islets overexpressing MCT-1 (Figure 5b) . The enhanced lactatestimulated insulin secretion after overexpression of LDH-A in INS-1 cells suggests that an efficient conversion of lactate to pyruvate is necessary for the stimulation by lactate. This was examined by overexpressing LDH-A simultaneously with MCT-1 in isolated rat islets.
Adenovirus-mediated introduction of LDH-A cDNA increased the amount of LDH-A protein by approximately 5-fold in rat islets (Figure 6a ). The LDH activity was 7-fold greater in islets infected with AdCALDH-A alone or with both AdCALDH-A and AdCAMCT-1 (Figure 6b ). Because the endogenous LDH activity is lower in β cells than in non-β cells (6, 8) , the degree of LDH overexpression in β cells would be higher than that observed in whole islets. As was the case with INS-1 cells, insulin secretion evoked by glucose was not affected by overexpression of MCT-1 and LDH-A (Figure 6c) . Although islets overexpressing LDH-A alone did not respond to pyruvate challenge, overexpression of both LDH-A and MCT-1 again produced pyruvatestimulated insulin secretion. Interestingly, the same manipulation brought about marked (3.5-fold) stimulation by 10 mM lactate compared with control islets (Figure 6c ). Lactate-induced insulin secretion was accompanied by a 3.7-fold enhancement of the [U-14 C]lactate oxidation rate in rat islets overexpressing both LDH-A and MCT-1 (Figure 6d ).
Discussion
Recent advances in the adenoviral vector technology have facilitated the transfer of multiple foreign genes into well-differentiated cell lines or primary cells, such as islet cells. To explore the significance of the documented low activities of LDH and MCT in the β cell relative to islet non-β cells (6, 8) and other cell types (8, 16) , we have investigated the consequences of overexpression of LDH-A and MCT-1 on glucose-, pyruvate-, or lactate-stimulated insulin secretion in INS-1 cells and isolated rat islets. Because the chicken actin promoter used in our recombinant adenovirus constructs (27) is active in both β cells and non-β cells (28) , this approach diminishes differences in expression levels of LDH and MCT between these cells.
Pyruvate and lactate have been reported to be metabolized, but do not cause insulin secretion in pancreatic islets (11) (12) (13) (14) (15) . Hence, the oxidation rate of 30 mM [1-14 C]pyruvate was found to be as high as that of 16.7 mM [U-14 C]glucose without any increase in insulin secretion (11) . This dissociation between mitochondrial substrate oxidation and insulin secretion is known as the pyruvate paradox. It is most probable that the paradox could be explained by higher rates of pyruvate oxidation in the 30-35% non-β cells present in rat islets (10) , which transport monocarboxylates 3 times more efficiently than β cells (8) . This view is supported by results showing that islets from ob/ob mice, comprised of 90% β cells, oxidize 17 mM [U-14 C]pyruvate 6 times less efficiently than 20 mM [U-14 C]glucose (29) . Also note that 5 mM pyruvate plus 3.3 mM glucose stimulates glucagon secretion but not insulin secretion in the perfused rat pancreas (30) . The differences between pyruvate and glucose oxidation in ob/ob mouse islets may reside mainly in the much lower transport capacity for pyruvate compared with glucose across the β-cell plasma membrane. In contrast, pyruvate was reported to be avidly metabolized by mitochondria isolated from ob/ob mouse islets (31) , indicating that the transport capacity of pyruvate across the inner mitochondrial membrane is not limiting. Our data demonstrating an increased pyruvate oxidation after overexpression of MCT-1 indicate that pyruvate transport by the plasma membrane MCT indeed is flux determining for pyruvate metabolism in isolated islets. Nonetheless, it cannot be excluded that the difference in efficiency between glucose and pyruvate metabolism could be determined not only by low expression of MCTs, but also by stimulation of mitochondrial shuttles (see below) by the former but not by the latter.
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The Journal of Clinical Investigation | December 1999 | Volume 104 | Number 11 In INS-1 cells MCT activity is not rate limiting for the metabolism of pyruvate and lactate, because, first, pyruvate stimulates insulin secretion in these cells (Figure 3 and ref. 8) , and second, lactate oxidation was not affected following overexpression of MCT-1. Nonetheless, MCT activity is markedly lower in INS-1 cells compared with that of RINm5F cells derived from the same rat insulinoma (8) . The different potencies of pyruvate and lactate in INS-1 cells appear to be due to distinct metabolic fates of the 2 substrates. Because LDH-A but not MCT-1 overexpression led to insulin secretion at low lactate concentrations in INS-1 cells, initiation of secretion by lactate depends on pyruvate generation in the cell. This conclusion is supported by the results with AOA, which blocks reoxidation of NADH by the malateaspartate shuttle (Figure 4c ). The compound did not reduce pyruvate-stimulated insulin secretion while abolishing the action of lactate. The treatment with AOA also inhibited glucose-stimulated insulin secretion in INS-1 cells. This suggests that the glycerol phosphate shuttle is less active than the malate-aspartate shuttle in the regeneration of cytosolic NAD + consumed by the glycolysis in INS-1 cells. In rat islets a 20-fold higher concentration of AOA inhibits glucose-stimulated insulin secretion by about 50% (32, 33) , whereas this compound is less efficient in mouse islets (9) . It appears, thus, that in mouse β cells the activity of the glycerol phosphate shuttle can substitute for the malate-aspartate shuttle, whereas this is not the case in INS-1 cells, despite high activity of mGPDH (8, 34 It has been reported that more than 90% of glucosederived pyruvate enters into the mitochondria in the β cell (6) . Low activities of LDH and MCT might contribute to the efficient channeling of glucose-derived pyruvate into the mitochondria by preventing pyruvate from escaping from the cell. However, neither glucose metabolism nor glucose-stimulated insulin secretion was affected in both INS-1 cells and rat
Figure 6
Co-overexpression of MCT-1 and LDH-A through recombinant adenoviruses and its effects on isolated islets. (a) One hundred twenty islets infected with either AdCAlacZ, AdCALDH-A plus AdCAlacZ (AdCAlacZ was combined to adjust total virus amounts), or AdCAMCT-1 plus AdCALDH-A were used for immunoblot analyses. The result is representative of 2 independent experiments. (b) Lysates of 100 islets infected with recombinant adenoviruses were assayed for LDH activity. Data show the mean ± SEM of 3 independent experiments. **Difference from control islets at P < 0.01. (c) Ten islets infected with recombinant adenoviruses in each tube were incubated in KRBH with the indicated stimuli for 60 minutes. Data show the mean ± SEM of 4 independent experiments. Statistical significance between islets overexpressing both MCT-1 and LDH-A and control islets were obtained at 10 mM pyruvate and 10 mM lactate (P < 0.01). (d) 14 CO 2 formation during 2-hour incubation with 15 mM [U-14 C]glucose or 10 mM [U-14 C]lactate were measured. Data show the mean ± SEM of 3 independent experiments. **Difference from control islets at P < 0.01. Open bars, islets infected with AdCAlacZ; filled bars, islets infected with AdCALDH-A plus AdCAlacZ; shaded bars, islets infected with AdCAMCT-1 plus AdCALDH-A.
islets after overexpression of LDH-A and/or MCT-1 (Figures 3 and 6c) . Moreover, lactate output was not changed significantly in INS(LDH) cells exposed to 15 mM glucose after overexpression of LDH-A and MCT-1 (data not shown). These observations suggest that efficient metabolic channeling of glucosederived pyruvate to the mitochondria is not dependent on low LDH and MCT activities. An attenuated glucose-stimulated insulin secretion was reported in LDH-A overexpressing stable clones of MIN6 cells relative to wild-type MIN6 cells, another well-differentiated tumoral β-cell line (35) . A possible explanation for the differences between our results and the data obtained in MIN6 cells is that the stable overexpression of LDH-A might exert untoward effects rendering the cells less responsive to glucose. Note that glucose-stimulated insulin secretion was also unaffected in MIN6 cells transiently overexpressing LDH-A through a recombinant adenovirus (36) . In any case, our results suggest that unknown mechanisms of efficient coupling of glycolysis to mitochondrial metabolism exist. Further studies are needed to reveal the mechanism of the efficient channeling of glycolytic intermediates to the mitochondria.
What would be the consequence if lactate would also act as a nutrient in β cells? Lactate is now considered to be an important energy source in several cells such as neurons and heart muscle cells, especially when circulating glucose is insufficient (37, 38) . Plasma lactate levels in humans can increase up to nearly 10 mM during exercise (39) . Such a high concentration of lactate could stimulate insulin secretion if the β cell would express high levels of MCT and LDH. The results here, therefore, suggest that low LDH and MCT activities protect the β cell from stimulatory effects of lactate, which could otherwise cause undesired insulin secretion during a catabolic state such as exercise. In other terms, low LDH and MCT activities confer specific selectivity to glucose of insulin release and avoid stimulation by pyruvate and lactate.
